The design of stable, functional proteins is difficult. Improved design requires a deeper knowledge of the molecular basis for design outcomes and properties. We previously used a bioinformatics and energy function method to design a symmetric superfold protein composed of repeating structural elements with multivalent carbohydrate-binding function, called ThreeFoil. This and similar methods have produced a notably high yield of stable proteins. Using a battery of experimental and computational analyses we show that despite its small size and lack of disulfide bonds, ThreeFoil has remarkably high kinetic stability and its folding is specifically chaperoned by carbohydrate binding. It is also extremely stable against thermal and chemical denaturation and proteolytic degradation. We demonstrate that the kinetic stability can be predicted and modeled using absolute contact order (ACO) and long-range order (LRO), as well as coarse-grained simulations; the stability arises from a topology that includes many long-range contacts which create a large and highly cooperative energy barrier for unfolding and folding. Extensive data from proteomic screens and other experiments reveal that a high ACO/ LRO is a general feature of proteins with strong resistances to denaturation and degradation. These results provide tractable approaches for predicting resistance and designing proteins with sufficient topological complexity and long-range interactions to accommodate destabilizing functional features as well as withstand chemical and proteolytic challenge.
The design of stable, functional proteins is difficult. Improved design requires a deeper knowledge of the molecular basis for design outcomes and properties. We previously used a bioinformatics and energy function method to design a symmetric superfold protein composed of repeating structural elements with multivalent carbohydrate-binding function, called ThreeFoil. This and similar methods have produced a notably high yield of stable proteins. Using a battery of experimental and computational analyses we show that despite its small size and lack of disulfide bonds, ThreeFoil has remarkably high kinetic stability and its folding is specifically chaperoned by carbohydrate binding. It is also extremely stable against thermal and chemical denaturation and proteolytic degradation. We demonstrate that the kinetic stability can be predicted and modeled using absolute contact order (ACO) and long-range order (LRO), as well as coarse-grained simulations; the stability arises from a topology that includes many long-range contacts which create a large and highly cooperative energy barrier for unfolding and folding. Extensive data from proteomic screens and other experiments reveal that a high ACO/ LRO is a general feature of proteins with strong resistances to denaturation and degradation. These results provide tractable approaches for predicting resistance and designing proteins with sufficient topological complexity and long-range interactions to accommodate destabilizing functional features as well as withstand chemical and proteolytic challenge.
SDS/protease resistance | protein folding | coarse-grained simulations | protein topology | contact order T he design of proteins with a desired stable fold and function is a much sought after goal. Although impressive recent successes have been reported in designing both natural and novel protein functions and/or structures (1-6), design remains difficult, often requiring multiple rounds of iterative improvements (7) (8) (9) (10) . In depth biophysical characterization of protein design outcomes and an understanding of their molecular basis have been limited, and these are critical for improving future designs. Combining designed function with structure is particularly difficult, in part because functional sites tend to be sources of thermodynamic instability (11, 12) and folding frustration (13) (14) (15) . We investigate how an approach that considers both structure and function from the outset may be used to overcome such obstacles. Furthermore, we demonstrate how kinetic and related stabilities against denaturation can be rationally designed.
A promising emerging paradigm for protein design is the repetition of modular structural elements (1, 2, 5-7, 14, 16-20) . This approach can simplify the design process and build on aspects of the evolution of natural repetition in proteins, as well as incorporate the inherent multivalent binding functionality of such structures (1, 21) . Internal structural symmetry, resulting from the repetition of smaller elements of structure, is very common in natural proteins, with ∼20% of all protein folds (22) and the majority of the most populated globular protein folds (superfolds) (21) containing internal structural symmetry. Recent design successes, for helical proteins (5, 6), repeat proteins (18, 20, 23) and symmetric superfolds (1, 2, 7, 16, 17, 19, (24) (25) (26) recommend the simplification of the design process by using repetitive/symmetric folds as a particularly effective strategy.
The β-trefoil superfold is an interesting test case for design by repetition as bioinformatics analysis has revealed multiple and recent instances of the evolution of distinct proteins with this symmetric fold (1) . The fold consists of three repeats, each containing four β-strands, and is adopted by numerous superfamilies with highly diverse binding functions (27) . Our design of a completely symmetric β-trefoil, ThreeFoil (Fig. 1) , used a hypothetical multivalent carbohydrate binding template and mutated 40 of the 141 residues (1). The mutations were based on a combination of consensus design using a limited set of close homologs (to preserve function), and energy scoring using Rosetta (28) . The design was successful on the first attempt, producing a soluble, well folded, and functional monomer with very high resistance to structural fluctuations as indicated by high resistance to thermal denaturation and limited amide H/D exchange (1) .
Here, we use a battery of biophysical and computational methods to perform an in depth analysis of Threefoil, which shows that it has remarkably slow unfolding and folding kinetics compared with natural and designed proteins due to an unusually high transition state energy barrier. Such kinetic stability against unfolding has been studied little to date. Furthermore, Threefoil is extremely resistant to chemical denaturation and proteolytic degradation. Analyses using Absolute Contact Order (ACO) (29) and Long-Range Order
Significance
Much research has focused on the molecular basis for protein thermodynamic stability; by comparison, kinetic stability is much less understood. Thermodynamics define the equilibrium fraction of unfolded protein while kinetics define the rate of unfolding; the latter can be of great practical importance for ensuring a protein remains folded under biological conditions. Using extensive experimental and modeling analyses we show that ThreeFoil, a small glycan binding protein without disulfides, exhibits outstanding kinetic stability against chemical denaturation and proteolytic degradation. We demonstrate that high kinetic stability is successfully modeled in terms of extensive long-range intramolecular interactions. These results show that topological complexity is a key determinant of kinetic stability which should help in designing proteins to withstand harsh conditions.
(LRO) (30) as well as Gō model folding simulations (31) (32) (33) show that ThreeFoil's resistance can be explained by the high cooperativity of its folded structure, which includes many long-range interactions. Simulations also show that nonnative interactions or folding frustration arising from protein symmetry (34) do not create long-lived traps during folding or account for the high barrier. They also explain how ligand binding can chaperone folding, which can be an added advantage of designing the fold and function together. Notably, additional analyses using whole proteome screening and other experiments show that proteins with similar resistances as ThreeFoil generally have high ACO/LRO values. Thus, the design method used for ThreeFoil and the strategy of designing folds with many long-range contacts may be useful for designing functional proteins with high resistance to denaturation and degradation, as may be needed for challenging biotechnology applications.
Results

ThreeFoil Has Extremely Slow Kinetics and Substantial Thermodynamic
Stability. To better understand the basis for ThreeFoil's very high apparent melting temperature (>90°C) and slow amide exchange (1), we measured its folding kinetics and thermodynamic stability using chemical denaturation. ThreeFoil is extremely resistant to chemical denaturation, remaining folded in high concentrations of urea, with unfolding only observable after very long incubation times in high concentrations of the stronger denaturants guanidinium chloride and guanidinium thiocyanate (GuSCN) (Fig. 2 and SI Appendix, Fig. S1 ). ThreeFoil's half-life for unfolding in the absence of denaturant is ∼8 y, although its folding half-life is on the order of 1 h (SI Appendix, Table S1 ). A comparison against natural and designed proteins of varying structural classes and lengths illustrates how unusually slow these kinetics are (Fig. 3) . Despite ThreeFoil's slow kinetics, unfolding is highly reversible and the rate constants measured by multiple optical probes vary linearly with denaturant concentration, indicating a two-state transition between folded and unfolded states ( Fig. 2A and SI Appendix, Fig. S1 ). The very slow kinetics are indicative of a high free energy (un)folding transition state (Fig. 2B) . Similarly, a high transition state barrier underlies the extremely slow unfolding of α-lytic protease (35); however, unlike this prototypical kinetically stable protein, which is thermodynamically unstable, ThreeFoil possesses substantial thermodynamic stability of ∼6 kcal/mol (SI Appendix, Table S1 ).
Various studies have found evidence that repetition in proteins can slow kinetics by creating folding frustration (34, 36) . To further examine the role of sequence repetition on kinetics, we compare ThreeFoil with another fully symmetric β-trefoil, Symfoil, which was obtained using iterative rounds of rational design and sequence selection (7) . Symfoil has <15% sequence identity to ThreeFoil and, although it has a higher thermodynamic stability of ∼11 kcal/mol, it both folds and unfolds much faster (one million-and 400-fold, respectively, SI Appendix, Table S1 and Fig. 3) . Thus, symmetry does not a priori result in kinetic stability. Despite having a nearly identical core secondary structure to Symfoil, ThreeFoil has additional length and interactions for a set of loops involved in its carbohydrate binding function ( Fig. 1 B and C) . By contrast, heparin binding function, including binding residues in a loop of Symfoil's template protein, acidic fibroblast growth factor, were eliminated during the many iterations of the design process (7) . As ThreeFoil's longer loops surround and create its ligand binding sites, we investigated the structure of these sites during folding.
Formation of Ligand Binding Sites During Folding. Measurements of the kinetics of (un)folding in the presence of ligands can be used to monitor the formation of ligand binding sites (37) . ThreeFoil has a single binding site for sodium, which is coordinated by three sets of residues distant in sequence, and three carbohydrate binding sites, which have binding residues close in sequence ( Fig. 1 B and C) (1). The carbohydrate sites bind lactose and are highly specific for glycans with terminal galactose in a β-1,4 linkage (SI Appendix, Figs. S2A and S3). Sodium decreases the unfolding rate but has no effect on the folding rate, thus it binds only to the folded state and not to the transition state (Fig. 2B ). In contrast, lactose not only decreases the unfolding rate but also increases the folding rate, indicating partial formation of the lactose binding sites in the transition state ensemble. The kinetic effects of lactose are specific and not general solvent properties, as no kinetic changes are observed for sucrose ( Fig. 2 and SI Appendix, Table S1 ).
Interestingly, the addition of lactose also increases the denaturant-dependence of stability, m, which reports on the extent of solvent accessible surface burial for a structural transition. The m increases from a value that is 68% of that expected for a protein of this size to 85% (SI Appendix, Table S1 ). An increase in m may arise from increased burial of hydrophobic residues in the folded protein and/or decreased residual structure in the unfolded protein. Multiple lines of evidence support the latter explanation. Circular dichroism (CD) and NMR (SI Appendix, Figs. S2 and S4, respectively) experiments for folded ThreeFoil show no significant change in native structure upon lactose binding. Also, anilinonapthalenesulfonic acid (ANS), a dye that binds clusters of exposed hydrophobic groups, shows no binding to folded or denatured Threefoil (SI Appendix, Fig. S5 ). There is no apparent change in CD upon adding lactose to denatured ThreeFoil (SI Appendix , Fig. S2B) ; however, the CD spectra of denatured ThreeFoil show evidence for nonrandom structure. Similarly, quantitative CD analysis for OneFoil, a peptide consisting of just one of the constituent repeats of ThreeFoil, shows it has approximately half of the β-structure observed in folded ThreeFoil (SI Appendix, Fig. S2C ). However, OneFoil shows no evidence for stable structure formation by NMR (1). These experiments strongly suggest the presence of fluctuating residual structure in the ensemble of denatured conformers for ThreeFoil. Together with folding simulations (described below), the results indicate that lactose binding enhances folding not only by binding to the transition state, but also by binding weakly to some conformations in the denatured ensemble and so decreasing nonnative residual structure.
Other studies have also shown that different types of ligands (e.g., metals, heme, nucleotides) can bind to partially folded proteins (denatured, intermediate, and transition states) and so promote folding (38) (39) (40) . Thus, ligands may not only stabilize the native state, but also promote and chaperone protein folding by binding to other states and thereby smooth the folding energy landscape. In this way, ligand binding can increase the foldability of the protein when structure and function are designed concurrently rather than separately.
Modeling Reveals the Molecular Mechanisms for ThreeFoil's Ligand
Binding and Slow Kinetics. The ligand binding loops make extensive contacts with distant residues in the primary sequence and so increase the ACO and LRO for ThreeFoil, which are notably high ( Fig. 3 A and B) . ACO/LRO are measures of topological complexity based on the sequence separation of contacting residues in the folded protein. We have shown recently that the rates of protein folding and unfolding both decrease with increasing ACO/ LRO (41) . LRO provides a more linear and stronger correlation and is normalized for increasing protein size, which also slows (un)folding (41, 42) . As ACO/LRO provide just a simple measure of protein structural complexity, we used Gō models to further define the molecular origins of ThreeFoil's high barrier.
Gō models encode the structure of the folded protein in their energy functions (31) (32) (33) and can be used to understand at higher resolution the effects of protein topological complexity on folding. Molecular dynamics (MD) simulations of such models for diverse proteins can capture trends in barrier heights as well as mechanistic details of folding (32) . Here, a coarse-grained Gō model shows that ThreeFoil has a particularly high free energy barrier (Fig. 4A) . Also, in the structure of the transition state ensemble (Fig. 4 B and C) residues around the carbohydrate binding site of the second repeat are almost completely folded. Therefore, lactose may bind to and lower the energy of the transition state ensemble and so increase the folding kinetics, whereas unfolding kinetics are slowed owing to even stronger lactose binding to the folded state (Fig. 2) . In contrast, the residues in the sodium-binding site are quite unstructured early in the transition state (Fig. 4 B and C) showing that sodium only binds the folded state and therefore slows unfolding with no effect on folding. Thus, the Gō model simulations rationalize ThreeFoil's slow experimental kinetics and also provide a molecular explanation for the kinetic effects of ligands. In addition, although a simple calculation of ACO/LRO indicates that ThreeFoil should (un)fold slower than Symfoil and Hisactophilin (see below) ( Fig. 3 A and  B) , the more detailed Gō model simulations better capture the variations in these rates (Fig. 4G and SI Appendix, Fig. S6 ).
The largest differences between Threefoil and Symfoil are in the β2-β3 loops, at the edge of ThreeFoil's carbohydrate binding sites ( Fig. 1 B and C) . Consequently, the differences in the contact maps of the two also occur mostly in the contacts of the β2-β3 loops, with Symfoil having shorter loops and fewer contacts in this region. To understand whether the high barrier for ThreeFoil is caused by differences in the length, conformation and packing of the β2-β3 loops or by differences in packing for the rest of the protein a hybrid construct (HYB) was created which has the Symfoil backbone with the ThreeFoil contact map; this construct has almost the same barrier as Symfoil (SymF) (Fig. 4G) . Thus, the differences responsible for the higher barrier are the β2-β3 loops. To further define how the conformation and packing of the β2-β3 loops increases the barrier, a mutant of ThreeFoil (MUT1) was created with all long-range interactions of the β2-β3 loops deleted (Fig. 4 D and E) . The mutation lowered the barrier height of MUT1 leaving it similar to that of HYB and SymF (Fig. 4G) . These results show that the packing of the β2-β3 loops of a given repeat with parts of the other repeats create long-range contacts that markedly increase the barrier height. To test the effect of other long-range contacts (which reduce the overall ACO by an equivalent amount), a control mutant (MUT2) was created where the same number of other contacts with similar sequence separations were deleted (Fig. 4 D and F) . The free energy barrier of MUT2 is similar to that of both MUT1 and HYB. Thus, the kinetic stability of a protein can be reduced by either a large loss in packing density localized in the structure (as in MUT1) or by an additive effect from many losses across the structure (as in MUT2). To further confirm the correlation between ACO/LRO, barrier heights, and kinetic stability, we also simulated Hisactophilin, a natural β-trefoil with a low barrier (SI Appendix, Table  S1 ). As expected, the low ACO/LRO Hisactophilin has a much lower folding free energy barrier ( Fig. 4G ; green profile) than that of either ThreeFoil or SymFoil and has the lowest kinetic stability (Fig. 3) . Distinct functional features for Hisactophilin contribute to its low ACO/LRO and barrier (43) .
In principle, the internal symmetry of ThreeFoil might also contribute to slow folding by creating misfolded intermediates arising from internal subdomain swapping, analogous to domain swapping observed or inferred for proteins containing longer stretches of repeated sequence (34, 36) . Such trapping was tested as a cause of ThreeFoil's slow kinetics using simulations performed with the addition of symmetric nonnative contacts between the repeats. The results indicate that, close to the transition midpoint, nonnative interactions arising from symmetry do not create significant trapping (SI Appendix, Fig. S7 ). Thus, compared with the longer proteins the shorter repeat length of ThreeFoil aided by local structure formation, likely limits slowing of folding due to nonnative interrepeat interactions.
MD simulations were also used to investigate the effect of nonnative residual structure (in the unfolded ensemble) on ThreeFoil folding. We performed simulations where the local structure of all three repeats was biased to both the native ThreeFoil structure Fig. 3 . ThreeFoil folding/unfolding kinetics are extremely slow compared with other proteins. Rate constants (gray diamonds) at the transition midpoint (ln(k f ) = ln(k u )) for a large dataset of proteins (SI Appendix, Table S2 ) (41) , are correlated with ACO (A) and LRO (B). β-trefoil proteins: ThreeFoil (orange), Symfoil (green), and Hisactophilin (blue) are highlighted. (C) The half-lives for folding (orange) and unfolding (blue) are shown for β-trefoils and the averages for the large dataset in each major structural class (α, β, αβ). The prototypical kinetically stable protein α-lytic protease is shown for comparison (35) . Ankyrin proteins with 1-3 consensus designed internal repeats (NI1C to NI3C) illustrate the effect of increasing interface area and cooperativity (23 (as above) and to the most common OneFoil structure obtained in Rosetta ab initio simulations. The tertiary contacts between the repeats were calculated only from the native ThreeFoil structure. The ThreeFoil tertiary contacts appear to suppress the intra-OneFoil nonnative interactions and these nonnative interactions do not create significant trapping (SI Appendix, Fig. S8 ). Lastly, simulations of just OneFoil (including both native and nonnative structural biases) confirm that the presence of ligand, modeled as a strengthening of intrabinding-residue contacts, greatly suppresses the formation of nonnative structure (SI Appendix, Fig. S8 A and B) . Overall, the simulations explain the effects of ligands during folding while also revealing that the extreme kinetic stability of ThreeFoil arises from its native topology and is unlikely to be caused by nonnative traps on the folding free energy landscape.
High Chemical and Protease Resistances of ThreeFoil and Other High
ACO/LRO Proteins. Extremely slow unfolding has been associated with the capacity to maintain native form and function under harsh conditions (44) , such as high concentrations of protease (35, 45, 46) and detergent (46, 47) . Protease resistance of a classic extremely kinetically stable protein, α-lytic protease, has been proposed to originate from its large and highly cooperative unfolding energy barrier resulting in a rigid native conformation with limited local openings and consequently limited proteolytically susceptible regions (35) . Also, challenge by a high concentration of SDS has been used extensively for direct evaluation of protein kinetic stability based on the ability of SDS to induce denaturation by trapping hydrophobic residues exposed during even transient unfolding events (47, 48) . Given its high barrier to unfolding, we tested ThreeFoil for resistance to protease and SDS. In the manner of Manning and Colón (46) in their profiling of protein kinetic stability, we incubated ThreeFoil with the aggressive and nonspecific protease, proteinase K. ThreeFoil demonstrated strong resistance, remaining intact for the full 4-d challenge by a high concentration of protease (Fig. 5A) . A highly protease-resistant control protein, the dimeric human Cu,Zn superoxide dismutase (SOD) also remained intact, whereas histactophilin, which has greater thermodynamic stability but much faster unfolding kinetics than ThreeFoil (SI Appendix, Table S1), was completely degraded within an hour as were other commonly studied proteins (Fig. 5A) . The results for the SDS challenge follow the same pattern with only ThreeFoil and SOD being resistant (Fig. 5B) , although SOD depends on an intact disulfide bond for SDS resistance whereas ThreeFoil does not (SI Appendix, Fig. S9F ).
Given the correlations between high topological complexity and slow unfolding (Fig. 3 A and B) (41) and between slow unfolding and SDS/protease resistance (44, 46) , we asked whether these resistances could be predicted from topological complexity. We conducted experiments and surveyed the literature to identify proteins with experimentally demonstrated resistance, or lack thereof, to SDS or protease. The identified proteins include new (SI Appendix, Fig. S10 ) and previously reported (45, 47) results from whole proteome screening to identify kinetically stable proteins, as well as new (Fig. 5 A and B and SI Appendix, Fig. S9 ) and previously reported analyses of individual proteins (SI Appendix, Table S3 ). The results (Fig. 5 C and D) clearly show that resistant proteins have notably high ACO/LRO values, similar to ThreeFoil, whereas the nonresistant proteins tend to have much lower values. The few nonresistant proteins with a high ACO/LRO indicate that high topological complexity is necessary but not always sufficient for resistance. The preceding observations suggest the rough measure provided by ACO/LRO does not capture other requirements such as highly cooperative unfolding, needed to eliminate weak points in the structure, which provide opportunities for attack by chemical denaturants and proteases (35, 44, 46) . Thus, a high ACO/LRO indicates potentially high resistance to degradation/denaturation but a more detailed simulation, as performed for ThreeFoil (Fig. 4) , is needed for a more accurate prediction and understanding of molecular determinants for resistance.
Finally, we note that the distribution of ACO/LRO values for a large dataset of proteins with previously characterized kinetics, similar to the nonresistant cases, is markedly lower than for the resistant proteins (Fig. 5 C and D) . Thus, although kinetically stable resistant proteins exist, they have received relatively little attention and using their folds or incorporating analogous long-range contacts provides attractive new avenues for designing resistance.
Discussion .An in depth analysis of the folding characteristics of designed proteins, as we have performed for the threefold symmetric ThreeFoil, is rarely reported, yet is critical for ultimately understanding design outcomes and improving their reliability. We demonstrate a high level of design success for ThreeFoil as evidenced by its: (i) reversible, cooperative, two-state (un)folding; and (ii) well folded and functional native structure which has high solubility and monodispersity, well diffracting crystals, and great resistance against H/D exchange (1), denaturation by chaotropes and detergent, and degradation by protease. Although the rational design of proteins with desired structure and function remains a great challenge and often require multiple cycles of design and/or selection to improve them, successes in designing both structures and/or functions, including ones not observed in nature, have been increasing (3, 4, 6, 8, 9, 18, 49, 50) . These results demonstrate the increasing understanding of fundamental principles and utility of computational protein design. Recently, there have been multiple reports of success for common folds based on repeated structural elements, including relatively high success rates and stabilities for various helix-containing elongated repeat proteins (18, 51) and toroidal or globular superfolds (1-3, 7, 16, 17, 19) . The great diversity of sequences observed for these symmetric protein structures may reflect an inherent capacity for stability, foldability and functionality that is especially amenable to both evolution and design (22) .
Design strategies similar to that used to make ThreeFoil, which use repetition of structural elements designed using existing sequence information and structural modeling with the Rosetta energy function (28) , have proven particularly fruitful, with several studies yielding well-folded proteins with high melting points on the first attempt (1, (16) (17) (18) . Furthermore, we have shown that ThreeFoil possesses stability, cooperativity and multivalent binding function. These features may be "inherited" through the use of existing sequence information, generating a more naturally funneled energy landscape. Other proteins designed in a similar way, and not yet characterized in detail, may also capture favorable natural features (16) (17) (18) . Also, our results show how ligand binding can further smooth the landscape by decreasing the formation of nonnative structure and so promote folding and design success.
Although evolution has provided a great range of sequences and structures that may be leveraged, it has also set limitations, which need not constrain rational protein design. As an example, natural proteins for which kinetics have been measured typically unfold on a timescale of seconds-hours (41); ready unfolding may be needed to facilitate protein transport, regulation or turnover. However, other natural proteins that must withstand harsh extracellular or thermophilic conditions tend to have high kinetic stability (35, 44) ; hence, fast unfolding is not an inherent constraint on proteins. Artificial proteins can be freed from various biological constraints allowing for uncommon properties such as extreme kinetic stability using suitable natural structures or novel ones with the requisite features.
It is important to note that although the energy landscape of a protein defines both its thermodynamic and kinetic stabilities, the two properties are distinct. Thermodynamic stability depends on the energy difference between folded and unfolded states, whereas kinetic stability depends on the energy barrier between the folded and transition states (Fig. 2) . High kinetic stability is a particularly attractive feature for rational design, as it is linked to other benefits such as resistances against protein denaturation and degradation by detergents (by decreasing exposure of the hydrophobic core), proteases (by limiting accessibility of cut sites), and temperature (by producing a high energy transition state barrier that is unlikely to be crossed by thermal fluctuations) (44, 46) . Such characteristics are highly desirable for industrial or biomedical applications that require a protein to remain folded and functional for a long time, even in challenging environments. Although it is known that kinetic stability and its associated resistances are the result of slow global unfolding and limited local opening (35, (44) (45) (46) , little has been reported on how to rationally incorporate this into designed proteins. Our in depth experimental and modeling analyses of ThreeFoil provide valuable insight into the molecular basis for these characteristics. Specifically, the origin of ThreeFoil's very slow global and limited local unfolding is a high and steep energy barrier which is a consequence of a folded topology that includes a large number and proportion of long-range and extensively distributed contacts. Thus, there are no weak points in the structure and it undergoes very cooperative folding to a native state that is highly resistant to local openings.
In summary, a simple calculation of ACO/LRO indicates whether a design has the capacity to be kinetically stable, whereas Gō model simulations give a more accurate prediction and can be used to determine the impact of specific contacts. This paves the way for rational design of resistance to harsh conditions. The mechanistic understanding of the structural determinants of resistance and the ability to design it, as well as the simplified and efficient design process of using structural repetition within the context of a symmetric and functional superfold, provide valuable avenues for improving future protein designs.
Materials and Methods
Protein Expression and Purification. ThreeFoil was expressed in E. coli and inclusion bodies solubilized in urea before being purified on a Ni-NTA , whereas others are shown after 1 h (fully degraded). The molecular weight decrease for ThreeFoil after incubation is due to the loss of its unstructured his-tag (untagged ThreeFoil has a MW of 15.3 kDa and runs higher than intact Hisactophilin with a MW of 13.3 kDa, see also SI Appendix, Fig. S9A ). Individual gels shown in SI Appendix, Fig. S9 B-E. (B) The same proteins tested for resistance to SDS. Where the unboiled (U) and boiled (B) samples are indistinguishable, no SDS resistance is observed, whereas a higher running unboiled sample indicates SDS is unable to penetrate and bind without thermal unfolding of the protein.
Comparison of topological complexity as measured by ACO (C) and LRO (D) for proteins that have been kinetically characterized experimentally (SI Appendix, Table S2 ) and those with experimentally demonstrated resistance or nonresistance to protease and SDS (SI Appendix, Table S3 ). Resistant proteins generally have higher topological complexity. β-trefoil proteins are colored as in Fig. 3 . Data shown as box-and-whisker plots, with a horizontal line at the median, box enclosing middle 50% of the data, whiskers drawn to 1.5*IQR (interquartile range).
column and refolded by dialysis, as described (1) . Details for removal of sodium are given in the SI Appendix, SI Materials and Methods.
Kinetic Measurements. Measurements were performed at 27°C and monitored by fluorescence (excitation 274 nm, emission 317 nm) using a SpectraMax M5 plate reader (Molecular Devices). Protein was diluted into varying concentrations of GuSCN by manual mixing and measured for up to 4 d. Additional details are given in the SI Appendix, SI Materials and Methods. SDS Resistance. Protein in H 2 O was diluted into SDS and Tris so that final samples contained 0.5 mg/mL protein and 1% SDS in 125 mM Tris (pH 6.8). Samples were then either boiled or incubated at room temperature for 10 min before analysis by SDS/PAGE using 15% (wt/vol) Acrylamide gels with 0.1% SDS in Tris/glycine running buffer (pH 8.3), and either without (Fig.  5B) or with (SI Appendix, Fig. S9 F and G) 7% (vol/vol) β-mercaptoethanol to reduce disulfides.
Protease Resistance. Samples contained 0.5 mg/mL of protein in 25 mM Tris and 1 μM EDTA (pH 8.3). A time 0, control was taken before adding proteinase K (final concentration 0.02 mg/mL), and further samples taken after 1 h, 1 d, and 4 d of incubation at 25°C. The reaction was stopped by mixing samples 1:1 with buffer [2.5 μM phenylmethylsulfonyl fluoride, 125 mM Tris, 4% SDS (wt/vol), 20% (vol/vol) glycerol, 15% (vol/vol) β-mercaptoethanol, at pH 6.8] and boiling for 10 min. SDS/PAGE was performed using the same gel conditions as for SDS Resistance.
Coarse-Grained Gō Models. A common form of the Gō model (31, 32) was used to perform MD simulations. The inputs to this model are the coordinates of the Cα atoms of the protein and the contact map. Details of the model, contact map calculations, simulation conditions and analyses are given in SI Appendix, SI Materials and Methods. The simulations were performed using a previously developed enhanced sampling technique (52) based on the multicanonical method.
